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The subject of this talk
IS nuclear physics, but
on subnuclear scales.

www.powersofl0.com




“Inside” a nucleon, we learned that there are
3 quarks that carry its static quantum numbers

MeV

ep ~ 500

We also learned that the quarks are constantly
interacting via exchange of gluons, the
colored photons of Quantum Chromodynamics



QCD Bound States

Baryon
(3 qorq)

Meson :
(1q& Q) Variety of quarks, angular momentum,

parity, etc. gives exponential rise
in number of states!



QCD Bound States

R. Hagedorn, CERN (1968)

Update of the Hagedorn mass spectrum

Wojciech Broniowski,'* Wojciech Florkowski,’»?'t and Leonid Ya. Glozman?:*

In the early 19605
Rolf Hagedorn

predicted that |
the bound state Ty ~170MeV

spectrum would
rise indefinitely - - - .

: . m [GeV]
--> Singularity at

limiting temperature Ty

p(m) ~ m*e™/T0 — 7 = /P(m)e_m/T — oo(T > Tp)
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'BNL/RIKEN QCDOC (2005)

Non-perturbative
QCD is notoriously difficult
to study analytically
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Equilibrium QCD
implemented on a
lattice shows that there
IS a phase transition

Il. =173 = 15MeV

Hadron Resonance Mass Spectrum
and

Lattice QCD Thermodynamics® M €V

e. ~ (00

F. Karsch!, K. Redlich!?, and A. Tawfik! fm3

Can we access
this experimentally?




The Big Bang

caying

the weak force & hydrogen
quark T deuterium
anti-quark e helium
slectron L1 Ethium
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RHIC @ BNL

PHOBOS = T e e e BRAHMS
10:00 o'clogk e T o : . e U 0'clock

X <-- You are here!



What do we do @ RHIC?

Impact parameter (b):
- Participants
- Collisions per participant

Q Enn/2 ENN/2®QQ

Center-of-mass energy (per N+N):

EnnN = +/SNN < >

- N+N cross section P
: 0
- Lorentz contraction | e

- "hard” processes o

Top RHIC energy IS Eny = 200 GeV







How much
energy
In each

collision?

1.6 X 10—19iv x 197 x 200GeV ~ 6u.J
&

Consider
two mosquitos
colliding...

1
2 X §m02 = (1g) x (10cm/s)* = 10uJ



C Detectors to Scale
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PHOBOS In Detall

Time-of-Flight
Z~ Detectors
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Trigger
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A Single RHIC Event




A Single Event @ PHOBOS

Hits in the silicon detectors
in a 200 GeV Au+Au event



One Event, Unwrapped
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Pseudorapidity Distributions

PHOBOS, PRL91(2003)

y = tanh™ B, - 1) = — log(tan(6/2))
Angle tells us about velocity of particles.

Most produced particles are relatively slow.
E=mc*: Trade off of kinetic energy for matter




What can we learn about the dynamics of
the "middle ages” by considering the simple
features of the initial & final states?

Lets start with final state, after all of the
dynamics has finished ("frozen out”,
a concept from cosmology...)



Strong Blackbody

Frequency (GHz)
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Spectrometer (ﬁ VS p) c
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Centrality 0-15%

Intensity (MJy/sr

G : | l i
b, (GeV/c) ; 0.1 0.07

PHOBOS Central (head-on) Au+Au 200 GeV MAPOS0045 Wavelength (cm)

System looks like a “blackbody”, with hadrons
(mesons & baryons) instead of photons




Hadronic Fireball

Remember that we have many hadronic degrees
of freedom in nature.
Are they radiated as if by the same temperature?



Thermochemistry at RHIC

Chemical freezeout
temperature
N
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Baryochemistry

— Thermal |

Thermal Il

At lower energies, Mg
Increases. More baryons
to conserve in final state

A AGS
(E802,E877, E917)
m SPS
(NA49)
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Can be seen directly
in densities of
"net protons”

(protons-antiprotons):

at low energies,
more “slow” baryons
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A Simple Model

e
y &

0 0
Colliding nuclel boosted by velocity v

\J \



Landau & Fermis Approach

Assume nothing about dynamics or degrees of freedom
except they rapidly and efficiently thermalize
all of the energy in the overlap volume

At RHIC, this thermalization time is very short: 0.1 fm/c!




Energy
Density
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Total Multiplicity

a4 Y

NChOCNOCSOC\/ENN

Charged Particles
are a fixed fraction of
Total Number of Particles
which are proportional to
the Total Entropy
which scales as

The square-root of the Available Energy




Total Multiplicity

PHOBOS, nucl-ex/0301017
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Total multiplicity also
scales with the volume
determined by number of particpants




Total Multiplicity vs. Energy

PHOBOS, nucl-ex/0301017

Per volume

30 all systems

have similar
entropy!
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" What's happening
down here?...




A Little More Chemistry

In equilibrium:
Gi=% LBV =15 —Heiip

Rearranges fto:

E+ PV ,uBNB = N
T 1

So chemical potential reduces multiplicity:

e

bl oot

JAN
Npart/z ¥ 1




Baryons Suppress Entropy

P. Steinberg, J. Cleymans, S. Wheaton, M. Stankiewicz - in preparation

@ u -Corrected A+A

—— Thermal Model (Param 1)

Thermal Model (Param Il)
L

102
\s (GeV/c?
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ar

Either correct by2y

or just look at s/so




RHIC Thermochemistry

1. Temperature - hadronic blackbody
2. Entropy - determined by energy & geometry
3. Baryochemistry - suppresses entropy

All of this is descriptive language, with no
reference to dynamical mechanism

Also a static picture, with no mention of
space-time evolution



RHIC Hydrodynamics

Is the system really Or is the system
a “fireball”, just radiating more “explosive”, with
into free space? real dynamics preceding

the freezeout?



What is "Hydrodynamics”?

, Presure gradients When local
Energy density el : +4 ;
thermalized in ol ?P V.'a : ..empera.ure
a volume, expansion into IS Tcn Interactions turn
adjacent cells - vacuum off and fluid
are in causal > : cells “freeze out”
contact 8MTW/ — () as isotropic fireballs

P (in fluid rest frame)

€
3




The Initial Conditions

1. Large compression in longitudinal direction
--> Longitudinal Flow
2. Almond shape Iin ftransverse plane
--> Radial & Elliptic Flow



2. Hydrodynamic Expansnon

dN/dy

. V 1 ~ \/log(Ex '
e

An important study of longitudinal dynamics
was done in 1955, by Landau, using blackbody
equation of state (P=€/3)

Hydrodynamics maps uniform slab in z into
a Gaussian in rapidity.



Landau’s Relevance in A+A

Data

Carruthers et a
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BRAHMS, PRL94(2005)
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Gaussian formula works surprisingly well for pions




Longitudinal Scaling

P. Steinberg, nucl-ex/0405022

AN 1 Y
BERS| — K51/4 cX <——> s= 200 GeV
dy V2L ; 2L i

\'s= 130 GeV

\'s= 62 GeV

Y = U paas e

dN | g2 ;
— ~i—=eX
dy AL N afae

When observed in the rest frame of one of the
projectiles ~invariance of particle yields!



"Longitudinal Scaling”

PHOBOS, PRL91(2003)

Central
events

Peripheral
events

2 0 2 4 6 8 10-10 -8 6 4 -2 0 2
1q-l_ybeam n-ybeam

Rest frame Rest frame

of “target” of “projectile” Reflected



Longitudinal-->Transverse

Y

Initial “explosion” i

along beam axis

generates dN/dy,
on time-scale

of O(1/Az)

Transverse motion
develops much
slower, in times of

O(1/R)

AN Initial conditions

Rapidity slices

ickl /
dztcx;cup?/e: \/ \ / for tranverse

expansion
"scaling” regime
(Bjorken hydrcy \\
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Two Types of Transverse "Flow"

"Radial flow": "Elliptic flow™:
a collective push a collective push
outwards along an axis



Blue-Shifted Spectra
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"Elliptic Flow”

Strongly-coupled °Li atoms in a magnetic trap at the
Feshbach resonance (O'Hara et al, 2003)

PHOBOS Au+Au 130 GeV

¢ - W, (radian)




|

ptic Flow Follows Hydro

] o Track-based 200 GeV Au+Au
' A Hit-based 200 GeV Au+Au
. JAN Hit-based 130 GeV Au+Au
Hydrodynamic calculation
;
. i \ 4
>

50 100 150 200 250 300 350

PHOBOS, nucl-ex/0407012 <Noar™
1 dN
Nd> 1 4 2v1 cos(p — Pr) + 2vs cos(2|p — PRr|) + ...

Fourier decomposition can be compared with
hydrodynamical calculations with T+,~0.6fm/c



RHIC Hydrodynamics

1. Initial collision defines energy (entropy) and
volume, as well as its shape

2. Longitudinal distributions described approximately by
Landau’s hydro, implying T+ << 1 fm/c and an energy density
of 4 TeV/fm3

3. Transverse pressure described by hydro, starting at a later
time T+ = 0.6 fm/c and energy density of 730 GeV/fm?

All of this would be “crazy” if it didnt work
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Thermalization

F. Becattini, hep-ph/9701275
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Even e+e- annihilations emit
hadrons as a blackbody w/T ~ 160MeV,




Lonqitudinal
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or two nucleons...
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Landau & Fermi

Assume nothing about dynamics or degrees of freedom
except they rapidly and efficiently thermalize
all of the energy in this volume




Degrees of Freedom

vy P
Fig. A " Fig. B
We always hoped that But perturbative calculations
coupling between cannot describe the strong coupling
quarks and gluons would needed for hydrodynamics
become weak, via to be a relevant effective
"asymptotic freedom” theory for RHIC collisions

(Nobel Prize in Physics 2004)



Black Holes at RHIC?




week endin
PRL 94, 111601 (2005) PHYSICAL REVIEW LETTERS 25 MARCH 2005

Viscosity in Strongly Interacting Quantum Field Theories from Black Hole Physics

P. K. Kovtun,! D.T. Son,” and A. O. Starinets®

'Kavli Institute for Theoretical Physics, University of California, Santa Barbara, California 93106, USA
*Institute for Nuclear Theory, University of Washington, Seattle, Washington 98195-1550, USA

3Perimeter Institute for Theoretical Physics, Waterloo, Ontario N2L 2Y5, Canada
(Received 20 December 2004; published 22 March 2005)

The ratio of shear viscosity to volume density of entropy can be used to characterize how close a given
fluid is to being perfect. Using string theory methods, we show that this ratio is equal to a universal value
of ii/4mkpg for a large class of strongly interacting quantum field theories whose dual description involves
black holes in anti—de Sitter space. We provide evidence that this value may serve as a lower bound for a
wide class of systems, thus suggesting that black hole horizons are dual to the most ideal fluids.

DOI: 10.1103/PhysRevLett.94.111601 PACS numbers: 11.10.Wx, 04.70.Dy, 11.25.Tq, 47.75.+f



Viscosity Lower Bound

Son et al found that 10-dimensional black holes
can be "mapped” onto a strongly-coupled
QCD-like “"dual” theory, giving a viscosity bound

4 )

N 1 A

s 4m kp

\_ v

We have already seen that RHIC has a very
low viscosity. Does it saturate this bound?



Lower Vlscosn‘y Bound

PhYSlCS TOde May 2005 P, D. T. Son, A. O. Starinets, Phys. 94 111601 (2005).
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A serious issue for RHIC theory & experiment




This has been an unconventional discussion of
RHIC collisions

Little discussion of the fundamental theory: QCD

The strongly-coupled nature of the matter
gives a primary role fo thermochemistry
and hydrodynamics

And yet, we must ultimately understand these
features via QCD, or perhaps through a dual
theory



QCD in A+A

— p+p min. bias
- *  Au+Au central

STAR, PRL91
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QCD jefs From One can S'l'Udy how
direct scattering correlations between
between quarks particles are reduced

by passage through

can be "quenched” - S
the collision volume

by the strongly-
coupled medium



Limits on Hard Processes

At higher energies,

€XP€C'|' P ar’ricle PHOBOS, PRC70(2004)
PrOdUC'HOn C('l' 90 . B R,106 (AU+Au 1)
O Rypg106 (AU+AU 2)
degrees to have more Al 0 Raggg (P4D)
3 % — Saturation Model
contributions from .- Hijing (1.35)
Two-Component Fit
“hard” QCD processes | T

(scaling as Npart*/3)

And vyet, evolution
from peripheral to
central events is

: ; 400
strangely invariant ,
with beam energy




Color Glass Condensate

B Ryy106 (Au+Au i)
O Ragones (AU+Au 2)

O Raorres (PP)

— Saturation Model
--- Hijing (1.35)

Densify OF qu arks Two-Component Fit"//,o'
and gluons is so high | "
that hard processes
may be effectively

suppressed when
they fill the available

phase space:
"parton saturation”

400

CGC: a new state of matter?



The Future: ATLAS@ALHC

el Detector

Muon Detectors Electromagnetic Calorimeters

Solenoid CERN AC - ATLAS V1997
Forward Calorimeters

End Cap Toroid

Barrel Toroid Inner Detector

Enormous energies, higher multiplicities:
will the trends discussed here break down?



Heavy Flavor @ RHIC II

-~ P probe the transport
Eiii{i‘- . properties of the system,
" %4 would be useful to study
thermalization of heavier
objects --> e.g. heavy quarks

R

New silicon detector being
developed for PHENIX to
measure charmed 1K
particles by means v
of displaced decay i
vertices
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Thanks!

..especially to the BNL Chemistry Department!

Special thanks tfo Mark Baker, Alex Harris
& Jamie Nagle for discussions related to this talk






QCD in Action

Annihilation Gluon Hadronization &
info quarks  Radiation Decays

QCD is a asymptotically-free theory at high energies,

with a perturbative description in terms of
the radiation of gluons and quarks
--> Jets in e+e- annihilation!



Entropy Density at Freezeout

— Total | = Total |l

---Meson | ===Meson Il
Baryon | Baryon |l

At the end of the evolution, all systems have
similar "number” of degrees of freedom
(but very different particles!)



In p+p collisions, there are
"leading” particles that can
"keep” an arbitrary fraction
of the initial energy
(which we call
"Feynman X", or Xg)

4 Bagile et al. (2K
® Aocuilar-Benitez et al. (400 Ge'V/ic)
U1 Brenner et al, {175 Wi
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Flat probability distribution:
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"effective energy”



More Longitudinal Scaling?

® 19.6 GeV

' 0.05 62.4 GeV

the asym.me’rry IS also 44 | v 624 Go\
energy-independent NI | U A 200 GeV

viewed from
the shifted frame.
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